Solid State Communications, Vol. 27, pp. 859-862.

0038-1098/78/0901-0859 $02.00/0

© Pergamon Press Ltd. 1978. Printed in Great Britain.

SOFT ROTARY MODE AND STRUCTURAL PHASE TRANSITiONS IN K_ReCl

2 6

J. W. Lynn, Department of Physics, Brookhaven National Laboratory*, Upton, N.Y. 11973 and
Department of Physics, University of Maryland+, College Park, Md. 20742
H. H. Patterson*f, Department of Chemistry, University of Maine, Orono, Maine 04473
G. Shirane, Department of Physics, Brookhaven National Laboratory*, Upton, N.Y. 11973
R. G. Wheeler, Becton Laboratory, Yale University, New Haven, Conn. 06520

(Received 23 May 1978 by M. F. Collins)

The triple-axis neutron scattering technique has been used to observe the
soft-phonon modes assoclated with the second-order structural phase
transitions in the cubic antifluorite KyReClg. The transverse (ReClG)‘2
rotary mode has been found to be soft all along the [z00] direction, with
the structural distortions being triggered by a condensation first at the

zone center and then at the [100] zone boundary.

In addition to the soft

phonon modes there is a temperature dependent central component to the

spectrum along the [z00] direction.

Materials of the cubic antifluorite class
(RoMClg) have received increased interest re-
cently since many of them exhibit magnetic and/
or structural phase transitions at low tempera-
tures. The potassium hexachlorometallates
(KoMClg) of the 5d series, for example, gener-
ally undergo a series of transitions with de-
creasing temperature. These transitions syste-
matically occur at successively lower tempera-
tures as the 54 series! is traversed from W to
Pt, and in fact KyPtClg remains cubic down to
the lowest temperatures.

The most extensively studied compound of
this group is KjyReClg, for which transitigns at
111, 103, 76 and 12 K have been observed.“ The
transitions at 76 and 12 K are first order in -
nature, with the 12 K transformation being as-
sociated with antiferromagnetic order. Our
principal interest here, however, concerns the
second-order structural transitions occurring
at 111 and 103 K, which are displacive in na-
ture and may be expected to be driven by a soft
phonon mode. This expectation arises from the
comprehensive work of O'Leary and Wheeler.

They concluded on the basis of crystallographic,
spectroscopic, and thermodynamic measurements
that these transitions in KpReClg are driven by
an optical phonon branch associated with the ro-
tation of the ReClg complex. An interesting
feature of these transitions is that they are
predicted to be triggered by the same phonon
branch, which first condenses at the zone cen-
ter (T point) at 111 K and then at the [100]
zone boundary (X point) at 103 K. Since this
mode is not Raman or infrared active in the cu-
bic phase, however, no direct confirmation could
be made. Further evidence of a soft rotary mode
in the high temperature phase has been obtained
by Van Driel, et al,5 using C1 nuclear quadru-
pole resonance. Based on the lattice-dynamics
model of O'Leary and Wheeler, they predicted

that the zone-center rotary mode softens from
5.7 meV (46 cm'l) at room temperature to 1.9 meV
just above the 111 K phase transition. The
present neutron scattering studies have revealed
that the transverse rotary mode is in fact soft
all along the [£00] direction, and condenses
first at T and then at X in agreement with the
work of O'Leary and ‘ﬂ'!‘neeler.L+ Furthermore, in
addition to the soft phonon scattering we find a
temperature dependent central component (central
peak) to the spectrum for wavevectors along the
[200]) direction.

In the antifluorite structure the Re ions
occupy a face-centered cubic lattice and are
each surrounded octahedrally by Cl ions located
a distance tu (unspecified by symmetry) along
the six equivalent cubic axes. The K ions are
arranged in an eight-fold cubic coordination
around each Re in positions such as * !;+Y4+% .,
Each K ion is shared between four Re ions, but
the octahedral complexes are not shared and may
rotate independently. This contrasts with the
situation found in the cubic perovskite (RMX3)
structure in which many of the displacive phase
transitions® are associated with rotations of
the Xg octahedra but these octahedra are joined
together.

For the purposes of the low energy phonon
excitations in which we are presently inter-
ested the ReClg complex may be considered as a
single unit with translational and rotational
degrees of freedom. For phonons propagating
along the [z00] direction the rotational motioms
decompose into two irreducible representations
corresponding to rotations of the octahedra
about one of the principal axes. In one case
the axis of rotation is perpendicular to the
phonon wavevector §, so that the displacement
of two of the Cl ions is perpendicular to ¢
while the displacement of the other two is par-
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Fig. 1. Displacements of the Cl ions (solid

circles), which surround octahedrally the Re
ion (open circle) at the origin, for a) the
"mixed" or longitudinal rotary phonon mode;

b) the transverse rotary mode, which is the
soft mode in the system; c¢) the scattering
plane in reciprocal space in which the measure-
ments of the transverse rotary mode we made.
The solid circles denote the reciprocal lattice
points belonging to the high temperature fcc
phase, and the X's indicate the positions of the
zone boundaries in the {z00] direction.

allel to E, as shown in Fig. la. The atomic
displacements are therefore neither transverse
nor longitudinal to the phonon propagation dir-
ection. The other type of rotational motion
corresponds to the axis of rotation parallel to
q as shown in Fig. 1b. Since the displacements
are purely transverse to the phonon propagation
direction we refer to this as the transverse ro-
tary mode. This is the mode that is involved
in the displacive transitions. The condensation
at the zone center (I') corresponds to a uniform
rotation of the Clg octahedra about one of the
cubic axes (with three possible types of do-
mains). The condensation at the [100] zone
boundary (X) point means that the octahedra in
the planes perpendicular to the [100] direction
rotate together, but that alternate planes ro-
tate in the opposite sense, doubling the unit
cell in the [100] direction.

The neutron scattering measurements were
carried out on triple-axis neutron spectrometers
at the Brookhaven High Flux Beam Reactor. Pyro-
lytic graphite (002) crystals were used for the
monochromator and analyzer. The incident energy
was chosen to be 13.5 meV so that a pyrolytic
graphite filter could be used to suppress higher
order wavelength contaminations in the incident
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beam. The sample weighed .55 gm.
The neutron cross section for creation of
a phonon is given by
2 y 0, (w)+l
-2 F®12
dQdw  k ™ @

where k and k' are the incident and final wave-
vectors of the neutromn, ﬁK is the change in mo-
mentum of the crystal, Kmk(q) is the energy of
the Ath phonon mode of wavevector ¢, and “A(w)
is the phonon thermal population factor. For
phonon destruction nk(w) + 1 is replaced by

ny (w). The intensity of the phonon scattering
is controlled by the phonon structure factor

—w ®
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where r is the position of the jth atom of

mass and nuclear scattering amplitude bj,
exp (- Wj( K)) 1is the Debye-Waller factor, &:(A,q)
is the eigenvector for the jth atom for phonon
branch A of wavevector ¢, and the sum is over
all atoms in the (primitive) unit cell. The Clg
rotary mode involves only displacements of the
Cl ions, which are located on the cubic axes a
distance u away from the origin (or equivalent
fce positions) with u unspecified by symmetry.
For the transverse rotary mode in the [z00] di-
rection, with the displacements as shown in Fig.
1b, we then have

Vel

bCl e
—;} 2i [ksin2muf~-fsinZmuk].

My (3)
For crystals with cubic symmetry it is generally
convenienc to make measurements in high-symmetry
scattering planes such as (hk0) or (hkk), in
which both longitudinal and transverse modes in
the principal symmetry directions are usually
accessible to measurement. For the soft phonon
in which we are primarily interested for the
present case, however, we see that F(K) vanishes
identically if k = 2, or either k- or & is zero.
Thus in order to observe this mode it is neces-
sary to orient the crystal into a lower symmetry
scattering plane such as shown in Fig. lc. Here
the solid circles denote the reciprocal lattice
points in the high temperature (cubic) phase,
and the X's denote the superlattice peaks which
are associated with the transition at 103 K.
These positions are zone boundary points in the
fcc phase. We remark that the rather unusual
behavior of the structure factor for the trans-
verse rotary mode allows a unique identification
of this mode as the soft phonon._

The scattering observed at Q = (3, 5, 3) is
shown in Fig. 2a at a temperature of 200 K. The
peaks at +1.8 meV are the rotary phonon observed
in neutron energy gain (E < 0) and energy loss
(E > 0), and the intense scattering at E = 0 is
the Bragg peak. At 150 K (Fig. 2b), the energy
of the (zone center) phonon has clearly de-
creased (softened). Fig. 2c¢ shows the room tem-
perature scattering at = (2, 5, 3), which cor-
responds to the zone boundary in the [z00] direc-
tion (X point). 1In this case the scattering cen-
tered at E = 0, whose width is instrumental in
origin, is primarily due to the central component
of the soft phonon spectrum, i.e., the central

F(E) _ 2w

)2
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see that the zone center phonon condenses first,
. driving the transition at 111 K, and then the
Fig. 2. Measurements of the soft rotary phonon

at the zone center at a) 200 K;
ing that the phonon energy decreases as the
transition temperature is approached; c¢) shows
the observed scattering at the [100] zone boun-
dary (X point) at 295 K.

peak. This central component is observed all
along the [z00] direction with an intensity that
increases upon approaching the transition. It is
most intense, though, at the zone boundary point
where the condensation at 103 K occurs. Similar
diffuse scattering has also been observed in the
related system KySnClg, but in that case the soft
phonon was not observed.®

The energy of the soft phonon is shown in
Fig. 3 as a function of wavevector along the
[£00] direction. We see that there is very lit-
tle dispersion in this direction, which signi-
fies that the couplings within layers perpendic-
ular to the rotation axis are strong compared to
the interlayer couplings. The two-dimensional
nature of these interactions is similar to that
observed® for the F6 octahedra in the perovskite
KMnF3.

As evidencedby the data in Fig. 2c¢, there
is a considerable intrinsic linewidth to the
phonons. As the transition is approached the
entire [£00] transverse rotary branch softens,
the phonons broaden in energy and the central
component increases in intensity. The tempera-
ture dependence of the zone center and zone
boundary phonon energies is given in Fig. 4. We

b) 150 K, show-

zone boundary mode condenses at 103 K. This be-
havior is confirmed by measurements of the Bragg
peak intensities. Below 111 K no new Bragg
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Fig. 4. The temperature dependence of the soft

rotary mode at the zone center (solid circles)
and the {100] zone boundary (open circles). The
points with the dashed lines indicate that the
phonon widths are comparable to their energies.
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peaks are observed, but the intensities of the
fundamental (cubic) peaks are strongly tempera-
ture dependent. Below 103 K new Bragg peaks
develop at the {100} zone boundary positions in
the high temperature phase. The qualitative
features of these displacive transitions in
K9ReClg are similar in some respects to the be-
havior observed'® in KMnF3, where successive
condensations associated with rotations of the
Fg octahedra occur at the [110] and [111] zone
boundary points.

The present data clearly demonstrate that
the displacive transitions in KjpReClg are driven
by the soft rotational mode of the ReClg complex,
confirming that this is the mechanism for'these
transitions in this class of antifluorite com-
pounds. We note that the actual energy of the
soft phonon (2.5 meV at room temperature) in
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the cubic phase is lower than that deduced by
0'Leary and Wheeler (3.1 meV)* and van Driel,
et al.” (5.7 meV) on the basis of NQR measure-
ments. The analysis of the NQR data, however,
depends on the accuracy of the lattice dynami-
cal model, which is a complicated problem in
the present case. The qualitative behavior of
the soft mode is nevertheless given correctly.
A more complete report of the lattice dynamics
of these materials will be given elsewhere.
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